A mine functionality is ubiquitous in biologically active and industrially useful molecules. Many strategies to form C− N bonds provide access to this functional group in fine chemical building blocks, pharmaceuticals, agrochemicals, solvents, and surfactants. Classical methodologies for C−N bond formation involve reductive aminations of carbonyl compounds or substitution reactions of prefunctionalized aliphatic starting materials. An alternative, more synthetically efficient route to construct C−N bonds is the addition of an N−H bond across an unsaturated C−C bond, a transformation formally known as hydroamination. A majority of metalcatalyzed hydroaminations are intramolecular cyclizations of aminoalkenes to form amine heterocycles. Few complexes catalyze intermolecular hydroamination of alkenes.
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With few exceptions, 2 intermolecular hydroaminations are limited to reactions of activated alkenes, such as bicycloalkenes, 3 1,3-dienes, 4 allenes, 5 and vinylarenes, 2b,6 or the unsubstituted ethylene. 7 Examples of intermolecular additions of N−H bonds across unactivated alkenes are rare, and additions of amides and sulfonamides to higher α-olefins are particularly unusual. 8 Here, we report a well-defined transitionmetal complex that catalyzes the intermolecular hydroamination of unactivated alkenes with amides and sulfonamides to form N-alkylamides and sulfonamides. The same system catalyzes additions of amides to norbornene (nbe) and norbornadiene (nbd) that are highly enantioselective. Mechanistic studies on these additions to unstrained and strained alkenes reveal the resting state of the catalyst and the turnoverlimiting steps of the hydroamination processes.
Recent work in our laboratory has demonstrated the high activity and selectivity of bisphosphine-ligated iridium complexes for the intermolecular hydroamination of bicycloalkenes with arylamines.
3a On the basis of this observation, we sought to develop the catalytic addition of N−H bonds to unactivated alkenes with more versatile nitrogen donors, such as amides and sulfonamides, than had been added to unstrained alkenes previously.
2b,c,e
The combination of [Ir(coe) 2 Cl] 2 and a series of bisphosphine ligands was tested as catalyst for the addition of 4-tert-butylbenzamide to 1-octene. The results are summarized in Table 1 . Ir complexes of aryl bisphosphines containing ethyl, propyl, and ferrocenyl backbones did not form active catalysts for the desired transformation (see SI for full ligand set). A small amount of product was observed for reactions catalyzed by complexes of methylene-bridged bisphosphines (entry 1), suggesting that a small bite angle in the ligand was important for generating an active catalyst.
A similar effect of the ligand bite angle on the yield of the catalytic reaction was observed for reactions catalyzed by Ir complexes of bisphosphine ligands containing biaryl backbones, and a survey of commercially available bisphosphines containing biaryl backbones led to a system that formed Nalkylamide and enamine products in high combined yield. Studies of ligands with varied dihedral angles of the ligand backbone showed that the yields were higher for reactions conducted with ligands having smaller dihedral angles (entries 2−4). An increase in the steric bulk from the parent Segphos ligand to the DTBM-Segphos (DTBM = 3,5-di-tert-butyl-4-methoxy) derivative led to an increase in yield of addition products. Furthermore, the lipophilicity of the tert-butyl groups imparted greater solubility of the catalyst in the alkene. An excess of the α-olefin was required to effect the transformation in high yield. Low conversion to the alkylamide and alkyl enamide products was observed with 1 equiv of 1-octene to the amide catalyzed by the Ir catalyst ligated by DTBM-Segphos. Ultimately, reaction of the benzamide with 20 equiv of the alkene formed the hydroamination product in 56% yield and the corresponding enamide in 40% yield. The alkene is the terminal reductant for the enamide side product; the corresponding alkane was also formed in 40% yield.
To generate a single amination product, the enamide was reduced to the alkylamide by subjecting the crude reaction mixture to 1 atm of H 2 or an excess of isopropanol after the amination process. Thus, a one-pot reaction workup with isopropanol formed the saturated product exclusively and in high yield. The alkylamide products were formed with low 10− 19% ee, but these measurable values do rule out hydroamination of the alkene by a proton-catalyzed process alone. 8 Moreover, the enamide product was found to be stable to the catalytic conditions, indicating that the stereogenic center of the N-alkylamide is set by the C−N bond-forming step rather than asymmetric hydrogenation of an enamide intermediate.
The scope of the Ir-catalyzed addition of amides to unactivated α-olefins by this procedure is summarized in Table 2 . Following a one-pot reductive workup, high yields were obtained from reactions of the arylamides possessing electron-donating and electron-withdrawing aryl substituents. Products of more hindered alkenes were formed in yields that were slightly lower than those of less hindered alkenes, but still substantial. Finally, additions of sulfonamides occurred without alkene isomerization to form the Markovnikov product in high yield.
The scope of this methodology also encompasses the addition of N−H bonds of amides and sulfonamides to bicycloalkenes. As shown in Table 3 , products of the reactions of norbornadiene and norbornene with arylamides and tosylamide were formed in high yield and ee. These types of amides added to nbd in slightly lower yields than to nbe, but with ee's that were similar to those for the reactions with nbe. The catalytic process proceeds with excellent diastereoselectivity to form the monoalkylated exo product. Hydrolysis of the amide led to the 2-norbornylamine building block with no erosion of the ee. Much effort has been spent to form norbornylamine by a catalytic process in enantioenriched form, 10 and this hydroamination provides the most direct route. The absolute stereochemistry of the amide was determined by optical rotation of the 2-aminonorbornane to be 2R. These results constitute the first intermolecular asymmetric hydroamination of an alkene with amides and sulfonamides in high yield and ee.
This catalytic process proved amenable to mechanistic studies. The combination of [Ir(coe) 2 Cl] 2 , 4-CF 3 -benzamide, and DTBM-Segphos formed a clear solution (from the initial orange solution) within 15 min at room temperature ( Figure  1a) . A similar color change was observed at the start of the catalytic reaction. This finding suggested that the catalyst resting state did not contain an alkene.
The structure of the complex formed from the amide, ligand, and Ir was determined by X-ray diffraction (Figure 1b reaction at room temperature and 50°C. Thus, 1 is the resting state of the catalyst in these additions of amides to alkenes. To determine if the observed complex is competent to be an intermediate in the catalytic reaction, a stoichiometric amount of 1 was subjected to a 10-fold excess of nbe (Figure 1c) . After 1 h at 90°Ca time that is much shorter and a temperature that is lower than those of the catalytic processcomplete consumption of the complex was observed. N-Norbornylamide 16 was formed in 94% yield, based on consumption of both amides in the complex. The ee of 16 was similar to those of the catalytic processes. Therefore, complex 1 is kinetically competent to be an intermediate in the catalytic cycle.
Kinetic measurements of the catalytic reaction as a function of the concentration of substrates were performed. The reactions were conducted with 2 mol % of isolated 1 at 100°C
, and initial rates (to 15% conversion) were measured by GC (see the Supporting Information). An inverse first-order dependence of the rate on the concentration of amide was observed. This order implies that the amide ligand dissociates reversibly prior to the turnover-limiting step (TLS). This system is, therefore, an unusual example of a catalytic process that is inverse-order in a reactant.
11 A first-order dependence of the rate on the concentration of 1-octene was observed, indicating that olefin coordination occurs before the TLS.
In contrast, the rate of the reaction was independent of the concentration of nbe under the standard catalytic conditions. A plot of the initial rate vs the concentration of nbe shows that the value of the rate saturates at high [nbe] (Figure 2) . The reaction is first-order in nbe at low concentrations and zeroorder at high concentrations of the alkene. No intermediate that might contain the alkene was observed during these reactions. At high [nbe] (0.5 M), under which conditions the reaction is zero-order in alkene, the reaction is inverse firstorder in amide. These data indicate that the amide amidate complex 1 undergoes reversible dissociation of the amide, followed by an intramolecular rearrangement before reacting with the alkene.
To gain information on the dynamics of complex 1, we conducted variable-temperature (VT) NMR spectroscopy on a p-fluorobenzamide analogue of 1 (1-p-F) . Spectra with added amide were most informative. The 19 F NMR spectrum of the combination of 1-p-F and 1 equiv of added amide contained three distinct 19 F NMR resonances for the amide and amidate ligands and for the free amide. Exchange between the free amide (signal a) and the datively bound amide (signal b) was observed between room temperature and 60°C; the resonance for amidate ligand c remained unchanged (Figure 3 ) in this regime. The lack of exchange of the amide and amidate indicates that the five-coordinate intermediate 2-p-F formed by amide dissociation is stereochemically rigid on the NMR time scale below 60°C. Above 60°C, the resonance for the amidate ligand (signal c) broadened, and VT NMR EXSY experiments confirmed that exchange occurred between the amide and amidate ligands as illustrated in Scheme 1 (see SI for further discussion). The reversible dissociation of the amide is consistent with the inverse first-order dependence of the rate on the amide. Line-shape analysis on resonance a showed that the activation parameters for ligand dissociation from 2-p-F are ΔH ⧧ = 20.7 kcal/mol and ΔS ⧧ = 12.4 eu. This positive entropy is consistent with a dissociative process.
Consideration of the steric effects of the DTBM-Segphos ligand on the sites of amide and amidate ligands helps rationalize the preference for ligation of the amidate to one of the two diastereotopic coordination sites. The bulky aryl groups on the phosphorus atom in the chiral, C 2 -symmetric ligand that is cis to the dative amide ligand (P2) both project toward the coordination site. This steric demand of one phosphino group contrasts the antipodal orientation of the aryl groups on the other phosphorus atom, which is located cis to the covalent amidate ligand (P1). One aryl substituent of this group projects In conclusion, we have discovered a rare example of a catalytic process for the addition of amides and sulfonamides to unactivated alkenes and have identified the resting state of the catalyst and the components in the intermediate that adds the alkene. This methodology includes Ir-catalyzed reactions of bicycloalkenes with amides and sulfonamides to form products in high yield and ee. The resting state of the Ir-catalyzed hydroamination reaction was determined to result from oxidative addition of an N−H bond and coordination of an amide. Finally, kinetic data indicate that a kinetically detectable reorganization of the species formed by amide dissociation precedes alkene binding and insertion. Studies to increase the reaction scope further and to develop enantioselective additions to unstrained alkenes are in progress.
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